We report here spectroscopic and biochemical data of a novel series of sugar-modified oligodeoxynucleotides, the carbocyclic oligothymidylates, c(dT) 3 _ 20 . In c(dT) n a methylene group has been substituted for the oxygen atom of the deoxyribose ring of the natural thymidylate unit. c(dT) 10 _ 20 form helical structures, in contrast with oligothymidylates or poly(dT), based on absorbance versus temperature melting profiles. Secondary structure of c(dT) n , where n > 10 is assumed to be double helix. In addition to this, c(dT) n forms as a stable duplex with complementary poly(dA) as does parent (dT) n . On the other hand, c(dT) n -containing oligo/poly duplex is nearly inactive either as a template or as a primer in various DNA polymerase systems, and c(dT) n inhibits DNA replication as well. c(dT) n can efficiently be extended by terminal transferase and shows an increased nuclease stability compared to (dT) n . Base-pairing ability and nuclease stability of c(df) n suggest that (+ >-carbocycllc nucleoside-contalning oligomers could be new potential antisense oligodeoxynucleotides.
INTRODUCTION
Modified oligodeoxynucleotides synthesized to serve as antisense oligomers, a new class of potential chemotherapeutic agents (1) (2) (3) (4) (5) , should posses the following properties: good solubility in water, chemical stability, resistance against nucleases, taken up well by cells and stable complex-forming ability with complementary natural target sequence (mRNA or viral RNA). Such oligodeoxynucleotides are those which have (i) modified phosphodiester linkage, like phosphorothioate (6-12), and the 'nonionic' analogues like methylphosphonate (8, 9, (12) (13) (14) (15) , phosphoramidate (12, 16) and phosphotriester (8, 9. 17) or (ii) modified sugar residues, like a-oligodeoxynucleotides (18) (19) (20) (21) and (iii) the derivatized oligomers (modified as above or not) that are covalently linked to different compounds through terminal 3' or 5'-OH groups, like intercalators to promote hybridization (22) (23) (24) (25) , reactive groups to cause selective damage to nucleic acid (26) (27) (28) (29) or poly(L-lysine) to stimulate delivery (30, 31) .
One of the main points in the effectiveness is the stability against nucleases. This is well accomplished by the backbonemodified oligomers. Except for a-oligomers, these modifications lead to mixtures of stereoisomers (7, 9, 18) . Stereochemically pure oligomers can be synthesized, if one starts with optically pure modified synthetic intermediates. This is the case with the carbocyclic nucleotides whose stereospecific synthesis has recently been achieved (32) . Carbocyclic mymidine has the same anomeric configuration as thymidine. The only structural difference is that a methylene group has been substituted for the oxygen atom of the furanose ring in the deoxyribose moiety. There are however conformational alterations as determined from crystal structure (33) : the usual C3'-exolCl'-endo pucker of the five-membered ring of thymidine is shifted to the Cl'-exo form giving rise to changes in orientation of 3' and 5' hydroxy groups. In addition, carbocyclic nucleosides possess a more lipophilic character as a consequence of methylene-oxygen exchange, which is an important factor in cell membrane penetration. Determination of hybridization and stability properties of carbocyclic oligothymidylates is the main subject of the present study.
EXPERIMENTAL Chemicals
Synthesis of oligothymidylates (dT) 3 , (dT) 10 , (dT) 12 and oligo[(+)-carbocyclic-thymidylates] c(dT)3, c(dT)io, c(dT) 12 and c(dT>20, and of the mixed oligomers 5'-(dT)9[c(dT)]-3', and (dT)j[c(dT)]2(dT) 5 has recently been reported (34 
Thermal transition measurements
Ultraviolet spectra and thermal melting experiments were peformed on a Specord UV-VIS recording spectrophotometer (GDR) interfaced to an IBM AT compatible PC. Regulation of heating, acquisition of absorption and temperature data and calculation of values characterizing thermal transition curves were peformed by the PC with the help of the program 'ABSORG', Version 1.0 (Chemicro Ltd, Salamon u. 13A, H-1105 Budapest, Hungary). Heating rate was 0.5°C/min. In a temperature range of 80°C, 500 absorption data were collected, smoothed and normalized to the mean of the first 10 values, as 1.0, at the end of the measurement. T m was calculated from the 1st derivative of the smoothed absorption versus temperature profile. Concentration of (dT) n or c(dT) n was 80 /iM(P), the latter based on e(P) values determined (see Results). Data given in the table are mean values of two to four determinations, melting profiles shown in the figure are selected ones. Concentration of c(dT)2o was varied between 13 and 1500 /tM(P) for the determination of thermodynamic parameters, and buffered sodium ion concentration was between 0.3 and 0.8 M for measuring dTJdflogtNa+J) for ctfT^.
Circular dlchroism
Spectra were recorded in a Jobin-Yvon Dichrographe HI spectrometer interfaced to a PC.
Enzyme reactions
Reaction mixtures for the determination of rate and extent of oligomer-primer elongation of poly(dA) and poly(A) duplexes contained 60 mM potassium phosphate buffer (pH 7.4), 6 mM MgCl 2 , 1 mM 2-mercaptoethanol (ME), 0.16 mM [ l4 C]dTTP (8.9 dpm/pmol) and 0.65 OD^ units/ml of the 1:1 poly(dA) duplexes and 1 OD^o units/ml of the poly(A) duplexes which were prepared by standard annealing procedure in 0.1 M Kphosphate buffer (pH 7.4). Final volume was 0.05 ml. Reactions were started by addition of 0.1 units of Klenow enzyme or 0.25 units of DNA polymerase a (Table 2) , and with poly(A) complexes 1 unit of AMV reverse transcriptase or 0.12 units Klenow enzyme (Table 3) . Incubations were carried out at 37 and 25°C, respectively. Samples of 0.01 ml were withdrawn, spotted on GF/C filters, washed, dried and counted for acidinsoluble radioactive material.
Terminal transferase enzyme was assayed in volumes of 0.05 ml which contained 0.2 M sodium cacodylate buffer (pH 7.2), 2 mM CoCl 2 for pyrimidine substrates or 8 mM MgCl 2 for purine triphosphates, 0.2 OD^ units of oligomers, 0.6 mM of
14 C]dATP (16.6 dpm/pmol). Ractions were started by addition of 28 units of the enzyme. Incubations were at 37°C. Samples of 0.01 ml were taken at times indicated in Table 6 , and analysed for acid-insoluble radioactivity.
Inhibition experiments were carried out in buffer system as described above for DNA polymerase reactions except that final volumes were 0.035 ml and double labelling was used: [ Table 5 .
Template activity of the 20-mers, in complexes with (dA) l0 primer was measured in mixtures containing the buffer described above for Klenow DNA polymerase enzyme and (1:1 for mol(P)] were preincubated together for 3 min at 90 c C. Solution was then cooled down to room temperature during 5 hours. Annealed (dT^^dA)^ or c(dT) 20 .(dA)io [5-5, 5-5 nmol(P)s] [more precisely 0.048 OD,^ (dA) 10 (4.85 nmol/P/) plus 0.043 OD^ (dT)^ {4.9 nmol/P/) or 0.38 OD,^ ciAT) [ 5. 07 nmol/P/)] were added to 0.05 ml of mix. Reaction was started by addition of 0.17 units of Klenow DNA polymerase and incubation was at 37°C. Samples of 0.01 ml were withdrawn and analysed for acid-insoluble product as above.
HPLC analysis of oligomer hydrolysates
Degradation assays were carried out in 0.1 ml mix containing 0.1 M Tris.HCl (pH 8.05), 6 mM MgCl 2 and 0.8 units of the oligomer. Hydrolysis was started by addition of 0.17 /ig of snake venom phosphodiesterase. Samples of 10 /d were taken at 0, 5, 10, 20, 30, 60, 120, 180 and 240 minutes of incubation at 37°C, mixed with 20 /tl cold EtOH. After keeping samples in freezer for 1 hour, they were centrifuged and analysed by HPLC (Isco Inc., Lincoln, Nebraska). The analyses were carried out by linear gradient elution. Eluent A contained 2.5% triethylammonium acetate, eluent B 2.5% triethylammonium acetate and 20% acetonitrile. Rate of enzymatic hydrolysis of the synthetic oligomers was based on measuring amount of monomeric unit as a function of incubation time. Amount was calculated from peak area. Chromatographic peaks were identified with standards. c(dT) 10 displayed a melting profile of low cooperativity (AT=13.5°C, Table 1 ), and T m had to be estimated. On the other hand, melting of c(dT), 2 proved to be cooperative with a well defined T m -point. With c(dT)2o thermal stability was further increased. Thermally induced hyperchromicity also increased, whereas width of transition decreased. These reflect formation of more complete and homogeneous helical structures. The transitions were all completely reversible. On the other hand, no such thermal transition curves were obtained with any of the oligothymidylates (dT) n examined, in accordance with the literature (37) . Furthermore, carbocyclic thymidine-containing mixed oligothymidylates possessed no helical structure (Table 1) .
RESULTS

Absorption versus temperature melting profiles
To decide whether the above helices are single or doublestranded, T m was determined as function of concentration of c(dT>20, covering a 100-fold range. 
Formation of double helices with poly(dA).
Poly(dA) has a weak single stranded helical structure in neutral salt solutions (37) , with a very large transition width (Table 1 ). Composing 1:1 mixtures with complementary oligothymidylates results in the formation of double helices with thermal stabilities dependent on chain length of the oligomer part (38) . However, not only the oligothymidylates but unnatural oligo-carbocyclic thymidylates formed stable 1:1 duplexes with poly(dA) ( Table 1) .
Molar extinction coefficients for c(dT) n -s were calculated from ultraviolet spectra taken before (at 10°C) and after hydrolysis to nucleotides at 37°C by snake venom phosphodiesterase in the above high-salt buffer. Complete decomposition to nucleotides was checked by HPLC. Using e 27 3= 10400 (pH 7) for (+)-carbocyclic thymidine (39), e(P)27 4 of 7900, 7690 and 7490 M-'cm" 1 for c(dT) 10> c(dT), 2 and cCdT)^, respectively, were obtained. These values were then used for composing 1:1 mixtures with poly(dA). Thermal stability of poly(dA).c(dT) n proved to be even higher than that of the poly(dA).(dp n duplexes (Table 1) . Difference in stability increased with the higher chain-length analogue complexes. Insertion of one or two carbocyclic thymidines into an oligothymidylate had a small effect on the stability of the complex. Circular dichroism spectra of poly(dA).(dT) 20 elongation rate (not shown) and extent of poly(dA).(dT) n and poly(dA).c(dT) n were compared with E. coli Klenow DNA polymerase and calf thymus DNA polymerase a enzymes (Table  2) . Initial rates of syntheses were different and this difference remained the same at the saturation part of replication. Poly(dA).(dT) 10 (1:1) was very active in thymidine incorporation.
Poly(dA).[(dT) 9 c(dT)] behaved like poly(dA).p(dT) 6 , i.e. enzyme probably cuts out carbocyclic nucleotide first, together with a few thymidine nucleotides, and this primer is then elongated. Poly(dA).c(dT) 12 duplex was found to be nearly inactive for elongation of c(dT)| 2 primer by dTMP units.
Poly(dA).(dT) 12 and poly(dA).c(dT) 12 were equally stable duplexes in solutions of high ionic strength (Table 1) . Both duplexes have about the same thermal stability also in 60 mM potassium phosphate (pH 7.4), 6 mM MgCl 2 , the solution used for DNA polymerase assay: poly(dA).(dT), 2 , T m =34.0°C, (H = 38.8% and AT=4.8°C) and poly(dA).c(dT) 12 , T m =33.8°C, (H = 34.1% and AT=5.7°C). At 37°C however, where DNA polymerase assays are performed both seem to be 80-90% denatured. In order to test whether this denatured state is responsible for the difference, replication experiments were repeated at a lower temperature, 25 °C (Table 2) where both complexes are duplexes.
At 25 °C not only rates (not shown) but also saturation were lower than at 37°C, except for poly(dA).p(dT) 6 . No incorporation of [ l4 C]dTMP was observed into poly(dA).c(dT) l2 .
With calf thymus DNA polymerase a chain extension of c(dT) ]2 was observed, although to a limited extent (Table 2) . It was about 10% of that of poly(dA).(dT) 10 which showed again an optimum.
Examination of primer chain extension was also carried out with an error-prone polymerase enzyme, the AMV reverse transcriptase (40) . For this ppurpose duplexes with poly(A) template were used (Table 3) . Since Klenow DNA polymerase enzyme is also able to use ribo-templates (40), poly (A) complexes were also assayed with this enzyme, in comparison. 'H(nm) stands for thermal hyperchromicity percentage measured at wavelength in brackets. 2 AT is width of the transition between 25 and 75% of the thermal hyperchromicity.
Klenow DNA polymerase proved to be as active with the ribo complex poly(A).(dT), 0 as with the deoxy poly(dA).(dT), 0 . The 9-1 oligomer could hardly be extended, contrary to the poly(dA) system, and c(dT) u was inactive as a primer similarly as with AMV reverse transcriptase.
Template activity
According to results summarized in Table 4 carbocyclic oligothymidylate did not function as a template as well, if complexed with deoxyoligoadenylate as a primer. This was observed with c(dT)2o(dA)| O template-primer duplex (2:1 for nucleotide ratio), in comparison with (dT^-CdA)^ (2:1).
T
Inhibition of DNA replication
Replication of the homopolymeric duplex poly(dA).poly(dT) by Klenow DNA polymerase was stimulated by oligcKdT) 6 _| 2 and slightly decreased by (dT) 3 [(42), Table 5 ]. Carbocyclic analogues, even the 3'-end substituted (dT), 0 inhibited replication. Strongest inhibition was caused by c(dT) 3 . Similarly, c(dT)3 was observed to be the most effective inhibitor of the replication of other template-primers, and also of reverse transcription of poly(A).(dT)i 5 catalyzed by AMV reverse transcriptase enzyme.
Lineweaver-Burk plots for the inibition by (dT) 3 and c(dT)3 of poly(dA-dT) replication are shown in Figure 5 . K M for poly(dA-dT) of the Klenow enzyme was found to be 178.6 /iM(P). Inhibition by both oligos was found to be competititve. Ki for c(dT)3 was 38.2 /iM(P) whereas for (dT) 3 it was 202.8
Terminal transferase reactions
Although a limited elongation of the carbocyclic thymidinecontaining oligomer primer was observed with the calf thymus a-polymerase, in all other systems it proved to be inactive. Therefore terminal deoxynucleotidyl transferase enzyme- catalyzed reaction, which requires only a primer and no template (41) was studied. Results are summarized in Table 6 . Results with dTTP show that sugar-modified oligonucleotides do function as primers. This means that 3'-OH end is available for elongation by this enzyme. Surprisingly, c(dT) 12 seemed to have the highest priming activity for the incorporation of dTMP. With dATP as a substrate, again each oligomer tested functioned as a primer although to very different extent. The 5'-phosphorylated oligomer was far the best primer in accordance with the literature (41) . Carbocyclic oligothymidylates also functioned. For the incorporation of the carbocyclic-dTTP, ((+)-C-[ Stability against nuclease Snake venom phosphodiesterase enzyme was used earlier for the analysis of composition of these sugar-modifed oligonucleotides (34) . Here we describe the comparison of cleavage rates of (dT), 0 and c(dT) 10 in the phosphodiesterase enzyme-catalyzed hydrolysis reactions. Progress of degradation was followed by HPLC analysis of the products as described in Experimental section. Time-course of hydrolysis of both oligomers is shown in Figure 5 . The modified oligothymidylate c(dT) 1( ) proved to be ten-times as stable as (dT) 10 , and poly(dA).c(dT)a), , in 60 mM potassium phosphate buffer (pH 7.4), 6mM MgCl 2 solution at 15°C (straight lines) and 60°C (broken lines).
on the comparison of incubation times required for the appearance of 50% of the mononucleotide products. This was 6 min with (dT)| 0 and 60 min in the case of c(dT)i 0 .
DISCUSSION
Many publications in the literature deal with synthesis and testing of carbocyclic nucleoside derivatives (for reviews see 43, 44) . However, there are only two publications reporting about oligoor polynucleotides containing carbocyclic nucleotide analogues. Dcehara and Fukui reported on copolymerization of 5'-diphosphate of Aristeromycin [(-)-carbocyclic-adenosine) with ADP by E. coli polynucleotide phosphorylase enzyme. The analogue alone was no substrate of die enzyme (45) . The other reference is about a carbocyclic 2'-5'-oligo-adenosine analogue (46) . No detailed information about structure, stability or duplex forming ability is available. The small number of papers published is understandable in the light of the fact that chemical synthesis of the oligomers is not without difficulties (34) , and that the 5'-triphosphates of carbocyclic nucleosides are very poor substrates of polymerizing enzymes, like E. coli DNA polymerase I (47, 48) . Only terminal transferase enzyme could use (+)-carbocyclic [ Table  1 ). A single-stranded helical structure can be postulated for c(dT)| 0 : no definite inflection point could be observed and shape of the profile refers to a low cooperativity melting. This is however far not as low as in the case of poly(dA) which is known to form a single-stranded helix in neutral salt solutions (37) . Melting profiles of c(dT) l2 and c(dT)2o show cooperative melting. Both hyperchromic and AT values of c(dT)2o approach those of the poly(dA).p(dT) 6 1:1 duplex, and T m of both c(dT) ns is even higher than that of poly(dA).p(dT) 6 (Table 1) . Based on characteristics of the melting profiles of c(dT) )2 and especially of c(dT) 20 , formation of double helices c(dT), 2 .c(dT)| 2 and c(dT) 2O .c(dT) 2 o, respectively in 0.5 M NaCl, 20 mM Tris.HCl (pH 7.4), 10 mM MgCl 2 can be In solution, formation of helical structures in deoxyoligonucleotides containing only thy mine bases is unusual. The ribo series, like polyuridines and poly(ribothymidine), do form helices and these are self-duplexes (37) . Oligothymidylates or poly(dT) do not show temperature melting profiles (37, 51) , as it is also shown in Figure 2 . What happens in an oligothymidylate upon the oxygen atom -methylene group exchange that can cause or allow the formation of helical structure? One important thing is the change of hydration around the sugar part. Since water is considered to be an integral part of nucleic acids structure, and sugar-ring oxygen atom 04' is intermediate in hydration order (anionic phosphate oxygen atoms are the most hydrated and esterified 03' and 05' backbone atoms are the least hydrated) (52) , an altered hydration network can be assumed to contribute to the formation of a helical structure. This is however a less hydrated structure than that of the oligothymidylates, whereas ribo-polythymidylate, which also forms self-duplex is a more hydrophilic structure than the polythymidylate.
In addition to the self-duplexes, c(dT) n forms 1:1 double helix with complementary poly(dA) ( Table 1) . Stability of these structures is as high as those formed between (dT) n and poly(dA). Thus, a structural feature, i.e. stable hybridization with complementary nucleic acid strand, important in the antisense or antimessenger effect is fulfilled also by oligo[(+)-carbocyclic thymidylates]. Stability against a nuclease, venom phosphodiesterase has also been tested (Figure 6 ). c(dT)i 0 proved to be ten-times as stable as (dT)| 0 . This difference is not as high as observed with a few other backbone-modified oligodeoxynucleotides (1, 3, 53) 'Template-primers and oligomers were applied in the same units/ml concentrations. With poly(dA).pory(dT) 0.3 units/ml is 0.05 mM(P), with poly(dAdT) 0.33 units/ml is 0.05 mM(P), with calf thymus DNA 0.67 units/ml is 0.034 mg/ml and with poly(A).(dT) 15 0.67 units/ml is 0.1 mM(P). With (eft}, and c(dT) 3 0.3 units/ml is 0.034 mM(P).
oligothymidylate and the complementary oligo-or polydeoxynucleotide is as stable as those formed with oligothymidylates, the carbocyclic oligomer is inactive both as a template and a primer (Tables 2-4) . At 37°C, in the buffer used for DNA polymerase assays both the natural (38, 54) and the carbocyclic duplexes seem to be 80-90% denatured (page 8). Nevertheless, this state is adequate for the thymidinecontaining duplex to function either as a template or as a primer but inadequate for the carbocyclic oligomer-containing duplex. Stabilization of the initiation complex by the polymerase enzyme has been assumed earlier with natural oligo/polymers (54) . Probably, c(dT) n binds strongly to the polymerase enzyme, thus initiation of replication fails. The strong binding may explain the inhibitory properties of c(dT) n in DNA replication experiments ( Table 5 ). The trimer c(dT) 3 was the most active inhibitor, with a Kj of 38.2 /iM(P) with poly(dA-dT) as the template/primer substrate [K M = 178.6 /xM(P)] of the Klenow DNA polymerase {Figure 5). This provides a further hint for biomedical studies of c(dT) n -s in addition to the antisense effect whose determination with various sequences is under way. 
